Constitutive heterochromatin is that part of the chromosome which does not decondense or unravel during interphase (for a review, see reference 2). It is commonly associated with centromeres and contains large amounts of satellite DNA, a class of highly repetitive DNA composed of tandem arrays of simple sequence repeats (for a review, see references 3, 26, and 47). Constitutive heterochromatin is generally associated with transcriptional inactivity. One indication of this is the low density of major gene loci in constitutive heterochromatin (25). Furthermore, genes translocated to the vicinity of heterochromatin are frequently repressed or variegated. In Drosophila melanogaster, this repression has been correlated with the spread of the condensed state from the heterochromatic region to the translocated euchromatin (29), and the probability of repression has been observed to increase with increasing proximity to the heterochromatin. This type of cis effect is classically referred to as position effect or position effect variegation. A similar phenomenon occurs in mice in which autosomal loci translocated to a heterochromatic X chromosome also are observed to be inactivated (6).
Constitutive heterochromatin is that part of the chromosome which does not decondense or unravel during interphase (for a review, see reference 2). It is commonly associated with centromeres and contains large amounts of satellite DNA, a class of highly repetitive DNA composed of tandem arrays of simple sequence repeats (for a review, see references 3, 26, and 47). Constitutive heterochromatin is generally associated with transcriptional inactivity. One indication of this is the low density of major gene loci in constitutive heterochromatin (25) . Furthermore, genes translocated to the vicinity of heterochromatin are frequently repressed or variegated. In Drosophila melanogaster, this repression has been correlated with the spread of the condensed state from the heterochromatic region to the translocated euchromatin (29) , and the probability of repression has been observed to increase with increasing proximity to the heterochromatin. This type of cis effect is classically referred to as position effect or position effect variegation. A similar phenomenon occurs in mice in which autosomal loci translocated to a heterochromatic X chromosome also are observed to be inactivated (6) .
The molecular mechanism underlying classical position effects remains obscure. A detailed molecular analysis of genes modulated within heterochromatin may provide insights into this intriguing phenomenon. In the long term, such studies may allow the identification of cis-acting elements which play a role in exerting position effects. In this study, we describe a cell line, LC2-3, which can serve as a valuable model system for such studies. LC2-3 is a cell line derived from thymidine kinase-deficient (tk-) mouse L cells (LMTK-cells) transformed to the tk+ state via the insertion of herpes viral tk genes. This transformant was generated by microinjecting the ptk plasmid DNA into LMTK-cells and then selecting for tk+ transformants in hypoxanthineaminopterin-thymidine (HAT) medium (31) . Our previous studies revealed that LC2-3 cells contains two intact tk genes integrated at a single site near a centromere (5, 32) . Mouse * Corresponding author.
satellite DNA was found to immediately flank these tk inserts and, using the tk DNA as a marker, the adjacent satellite DNA was shown to undergo a high frequency of DNA rearrangements (5) , a process which is reminiscent of the known fluidity of satellite DNA. In the current study, we characterized three pairs of tk-revertant and tk+ rerevertant derivatives of LC2-3. Our results indicate that one of the tk genes in LC2-3 is probably not expressed but can be reactivated in association with DNA rearrangements and changes in DNA methylation. Through these and other studies in the future, we hope to obtain insights into the molecular mechanism mediating tk repression and, furthermore, to determine whether and how the flanking centromeric heterochromatin may participate in this proc- (17) and C-banded by using a 1-min treatment with 5% barium hydroxide at 50°C (50) .
Cloning hybridized with a ptk probe. The cell lines analyzed included: LC2-3 (designated 3), the tk+ parental cell line; LC2-3B (3B), the tkrevertant of LC2-3; LC2-3B11 (3B11), the tk+ rerevertant of LC2-3B; LC2-3C (3C), the tk-revertant of LC2-3; LC2-3C2 (3C), the tk+ rerevertant of LC2-3C; LC2-3E (3E), the tk-revertant of LC2-3; LC2-3E7 (3E7), the tk+ rerevertant of LC2-3E. Note that the tk restriction pattern is different in each cell line. The positions of molecular weight standards are indicated on the right (in kilobases).
ci,rivatives of LC2-3 and analyzed their genomic DNA by Southern blotting. Eight were found to retain ptk DNA (the tk-containing plasmid DNA used for generating LC2-3), including the 2.08-kb PvuII fragment spanning the entire tk gene (39, 40 ; see below). The persistence of this PvuII fragment suggests that reversion to the tk-state may be associated with repression of tk gene expression. Consistent with this possibility is the finding that three of the tk-cell lines examined, LC2-3B, 3C, and 3E, can readily rerevert to the tk+ phenotype upon selection in HAT medium. Surprisingly, these switches in tk phenotype, from the tk+ to tkstate and rereversion from the tk-to tk+ state, were also observed to be associated with DNA rearrangements. This is indicated by changes in the ptk restriction pattern in Southern blots (see Fig. 1 for Southern blot of BglII-digested DNA of LC2-3B, 3C, and 3E and their tk+ rerevertants). To better understand how the tk gene may be modulated, we examined in detail the molecular changes associated with tk-reversion and tk+ rereversion in the tk-cell lines, LC2-3B, 3C, and 3E, and in their corresponding tk+ derivatives, LC2-3B11, 3C2, and 3E7.
Northern analysis of steady-state levels of tk mRNA. To determine whether the switches in tk phenotype are controlled at the transcriptional level, poly(A)+ RNA isolated from LC2-3 and the three pairs of revertant and rerevertant cell lines were analyzed by Northern blot hybridizations. These studies revealed that while the parental LC2-3 cells expressed the expected 1,300-nucleotide tk mRNA (39, 40) , the transcript was absent in the three tk-revertants 3B, 3C, and 3E (Fig. 2) . However, upon rereversion to the tk-state, the tk transcript reappeared in the three tk+ rerevertants 3B11, 3C2, and 3E7. Overall, these results suggest that the tk gene may be regulated at the transcriptional level.
It should be noted that there is a larger 2,400-nucleotide RNA species in 3E and 3E7 (Fig. 2) . This RNA probably is derived from an aberrant initiation or termination involving one of the rearranged ptk fragments present in 3E and 3E7 (see below). However, this transcript does not appear to influence the tk phenotype of the cells, since it is expressed at equivalent levels in both tk-(3E) and tk+ (3E7) cells.
tk Modulation occurring within centromeric heterochromatin. As DNA rearrangements usually accompanied these switches in tk phenotype, it is possible that the modulation in tk gene expression may result from chromosomal rearrangements. To examine this possibility, we carried out in situ hybridization and G-banding and C-banding of metaphase chromosome spreads from tk-revertant and tk+ rerevertant derivatives of LC2-3. Metaphase chromosome spreads of LC2-3B and -3E and their tk+ revertants LC2-3B11 and -3E7 spread. Note in each spread that the C-banded region covers the area bounded by the two centromeric constrictions regardless of whether the phenotype is tk-or tk+.
were analyzed with a tritiated ptk probe. In situ hybridization revealed only a single area of significant ptk hybridization (Fig. 3, 3B and 3B11) , i.e., between the two centromeric constrictions of the metacentric chromosome M7 (as designated previously by Butner and Lo [5] ). This localization is identical to what has been observed for the LC2-3 parental cell line (5) . The data from the analysis of 3B, 3B11, 3E, and 3E7 are summarized in Table 1 . For LC2-3E, this ptk localization was confirmed by in situ hybridization analyses of two tk+ rerevertants that have amplified the ptk inserts (approximately 20-fold; unpublished data).
Analyses of the metaphase spreads from each of these four cell lines by G-banding and C-banding further demonstrated that the overall morphology of the M7 chromosome was unchanged at the chromosomal level (Fig. 3) . Moreover, the C-banding analyses revealed that the region of tk hybridiza- tion stained like constitutive heterochromatin as in LC2-3. This was observed regardless of the transcriptional state of the tk gene. Thus for example, the G-banded and C-banded appearance of the M7 chromosomes of 3B and 3B11 were identical, even though 3B is tk-and 3B11 is a tk+ derivative (Fig. 3) .
To examine the molecular environment of the tk inserts, genomic DNA from LC2-3B and -3E was fractionated in Hoechst CsCl density gradients. The tk-containing DNA in both cell lines banded with the interband DNA just as was found for LC2-3 (data not shown [5] ). These results indicate that the flanking host DNA in LC2-3B and 3E is composed of satellite DNA as in LC2-3.
Restriction maps of tk sequences in tk-revertant cell lines. To obtain further insights on how tk transcription may be regulated, restriction maps of the tk inserts in LC2-3B, -3C, and -3E were characterized by Southern blotting analyses. The restriction maps obtained revealed that the host DNA (20 to 50 kb) immediately flanking the ptk inserts in LC2-3B, -3C, and -3E were devoid of restriction enzyme recognition sites (Fig. 4) . This indicated that the flanking host DNA consisted of simple sequence repeats and was consistent with the in situ and gradient fractionation results, which suggested that the flanking host DNA is composed of satellite DNA. The restriction maps also revealed that each revertant has inherited only one of the two tk genes present in LC2-3, the one at the left in the restriction map illustrated in Fig. 4 (32) . The other copy either has been deleted as in LC2-3B or -3C or else rearranged as in LC2-3E. These results suggest that in LC2-3, the tk gene on the left is silent. That this copy of the tk gene is nevertheless expressible is indicated by the fact that all three tk-cell lines can rerevert to the tk+ state. Moreover, because this tk insert contains both the intact structural gene and all necessary 5' and 3' regulatory elements (12, 37, 38) , it is likely that the lack of tk expression in the tk-LC2-3B, -3C, and -3E cells results from repression. However, another possible explanation is that this tk gene is silent as a result of a reversible mutation not detected in our restriction analyses. To examine this latter possibility, we cloned the tk gene in LC2-3B and assayed for its ability to transform thymidine kinase-deficient L whether the repressed state of the tk gene is heritable when the tk gene is dissociated from the bulk of the flanking genomic DNA. This analysis is possible because the average size of a contiguous DNA fragment inserted by DNA transfection is expected to be only 10 to 15 kb (due to nucleolytic degradation before integration [57] ). Thus, transformations with LC2-3B genomic DNA were carried out as described above and, for positive controls, parallel transformations were carried out with the LC2-3B11 genomic DNA. No tk+ transformants were obtained with LC2-3B DNA (Table 2) . In contrast, LC2-3B11 DNA gave rise to 22 tk+ transformants (corrected for transformation efficiency; see Table 2 ). In light of these results and the transformation data previously obtained with p3B-1 DNA, it is likely that tk repression in LC2-3B is mediated either by cis effects from a closely juxtaposed DNA sequence or by an epigenetic modification of the tk gene.
To distinguish between these two possibilities, we examined the ability of PvuII-digested LC2-3B DNA as compared to PvuII-digested LC2-3B11 DNA to generate tk+ transformants in DNA transfection assays. PvuII excises the entire tk gene in a 2.08-kb fragment endogenous to the herpes DNA insert in ptk (Fig. 4) . Thus, it should isolate the tk gene from any cis effects mediated by the flanking 3B genomic DNA. To assess the completeness of PvuII digestion, samples of the DNA digest were subjected to agarose gel electrophoresis followed by Southern hybridization with a ptk probe. To minimize the potential reduction in transfection efficiency due to exonucleolytic degradation of the 2.08-kb PvuII fragment, random ligation of the digested DNA was carried out before transformation. To monitor and control for the efficiency of transformation, which may vary with each DNA precipitate, the pSV2neo plasmid was coprecipitated with the genomic DNA, and G418 selection for neo+ (neomycin-resistant) transformants was carried out in parallel with the HAT selection for tk+ transformants. With the G418 selections, we obtained the same number of neo+ transformants with either the 3B or 3B11 DNA. This indicates that the overall transformation efficiency of the two DNA precipitates is equivalent. However, with HAT selection, no tk+ transformants were obtained with PvuIIdigested LC2-3B DNA, as was previously found with uncut LC2-3B DNA (Table 2 ). In comparison, 24 tk+ transformants were obtained with the PvuII-digested 3B11 DNA (Table 3) . These results suggest that tk repression in 3B is not maintained via the juxtaposition of any flanking mouse DNA sequence, but may be mediated by epigenetic modification of the tk gene itself. Given that the most prevalent form of DNA modification consists of methylation, which is a property heritable by DNA transfection (43, 59) , and is generally associated with the absence of transcription (for a review, see references 44 and 61), we next examined whether this tk repression may be accompanied by DNA methylation changes. DNA methylation. To examine the state of DNA methylation of tk genes in LC2-3, its tk-rerevertants 3B, 3C, and 3E, and their corresponding tk+ rerevertants 3B11, 3C2, and 3E7, Southern blot analysis was carried out-in conjunction with an endonuclease protection assay. Genomic DNA from 3B  3E  3B  3E  3B  3E   0  0  35  67  77  0  92  1  3  56  75  62  8  180  3  10  28  46  8  43  700  10  2  44  52  20  10  440 a The relative plating efficiency in HAT medium was calculated by dividing the number of colonies in HAT medium by the plating efficiency in BrdU medium. This gives a relative plating efficiency which is corrected for 5-azaC toxicity. (Fig. 6a) (Fig. 6b) . In 3B and 3C, rereversion to the tk+ state (3B11, 3C2) was associated with demethylation of at least some AvaI, HpaII, and SmaI sites, as evidenced by the virtual disappearance of protected 2.08-kb PvuII fragments in double digests (Fig. 6b) . These results demonstrate a correlation between demethylation and derepression of tk gene expression within the revertant cell lines LC2-3B and -3C. However, the situation in 3E is not so easily interpreted. The difficulty in analyzing 3E is due to the fact that during maintenance growth in BrdU medium, 3E underwent amplification of its tk cluster (unpublished observations; Fig. 6b ) and upon rereversion to the tk+ phenotype (LC2-3E7), only some of these genes were demethylated [which may or may not have been the tk gene(s) that were reactivated]. It should be noted that digests of LC2-3 DNA revealed that some of the 2.08-kb PvuII fragments in LC2-3 were methylated at all of the internal AvaI and SmaI sites, while very few if any fragments were protected at all eight internal HpaII sites (Fig. 6b) . These observations are consistent with the possibility raised previously that one of the two tk genes in LC2-3 may be repressed.
To characterize the functional importance of DNA methylation in repressing tk expression in the tk-revertant cell lines, we examined whether the nucleotide analog could enhance rereversion to the tk+ state. This drug has been found to bring about demethylation of both endogenous genes (13, 20) and transfected tk genes (8, 11) . Growth of either 3B or 3E cells in 1, 3, or 5 p.M 5-azaC for 2 days (see Materials and Methods) resulted in a two-to eightfold increase in the number of HAT-resistant colonies obtained relative to untreated controls (Table 3 ). In both cell lines, the maximal increase was seen after treatment with 3 ,uM 5-azaC. These results, consistent with that of the DNA transfection experiment, suggest that DNA methylation is functionally related to the repression of tk expression in both the 3B and 3E cell lines.
DNA rearrangements correlate with rereversion. While tk gene expression appears to be modulated via DNA methylation, it is important to note that DNA rearrangements were also observed to be associated with these events. As shown above, with reversion to the tk-state, DNA rearrangements either deleted or destroyed the tk gene on the right (Fig. 4) 
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From these two populations of cells, five tk-and four tk+ subclones were picked at random and examined by Southern restriction analysis. DNA samples from each were digested with BgII, EcoRI, PvuII, and PstI. These studies revealed that three of the four tk+ rerevertant cell lines possessed nonparental tk restriction patterns, while all five tksubclones had tk restriction patterns that were indistinguishable from that of the LC2-3B parental cell line. Thus, it appears that population of 3B progeny that have switched tk phenotype are enriched in cells that have undergone DNA rearrangements in the vicinity of the tk gene. This result is consistent with the possibility that the transcriptional state of the tk gene may be modulated by the organization or perhaps the identity of the flanking mouse DNA.
DISCUSSION
Our results suggest that a tk gene embedded in mouse centromeric heterochromatin undergoes transcriptional modulation. In the repressed state, the tk gene was found to be heavily methylated, but with derepression, the tk gene became demethylated. We also found that DNA rearrangements accompanied the switch in tk phenotype, in particular, with the derepression of tk gene expression. These observations suggest that DNA methylation and cis effects from the flanking DNA may be involved in repressing tk gene expression.
The modulation of transfected herpes tk genes has been reported previously. It has been associated with changes in chromatin structure (14) and also with changes in DNA methylation (21, 41) . In other cases, DNA rearrangements within tandem arrays of tk inserts have been observed, but they were not directly correlated with the modulation of tk gene expression (9, 51) . These differing results probably reflect the different chromosomal insertion sites in each transformant. Given that in our cell line the tk genes were integrated in centromeric heterochromatin, we suggest that the repression of tk gene expression may reflect heterochromatic processes normally associated with position effects.
Indeed, aspects of the present study show parallels with studies of position effects in both insects and mammals. For example, in D. melanogaster, gene inactivation within heterochromatin is not a consequence of gene deletion (23, 24, 46) or mutation (for a review, see references 1, 28, and 49), but instead is the result of gene regulation at the transcriptional level (46) . But we note that in D. melanogaster, DNA methylation is not observed (53) and probably plays no role in position effect variegation. However, in the mammalian genome, DNA methylation is associated with X-chromosome inactivation (7, 27, 30, 54, 55 , and 60), a facultative heterochromatization process (18, 19, 33) which also results in gene inactivation and is associated with chromosome condensation. Thus, the mechanisms of tk repression in our cell line may be analogous to mammalian processes where X-linked genes become repressed during the process of X-chromosome inactivation.
One of the more surprising observations from our study is the finding that position effects may not be exerted uniformly over a heterochromatic area. Thus, for example, the tk gene is active in parental and rerevertant cell lines despite being embedded within an uninterrupted C band. Although such pockets of genetic activity would not be predicted from classical cytogenetic descriptions of position effect, their existence has a precedent. In D. melanogaster, several genetic loci have been shown to reside within centric heterochromatin (for a review, see reference 25). Furthermore, several genes located on the short arm of the human X chromosome appear to escape inactivation (4, 42) , although the entire chromosome appears to be heterochromatic.
Our results also suggest that heterochromatic position effects may be exerted in a very localized manner. Thus, we observed that one of the two tk genes of LC2-3 is consistently destroyed or deleted upon reversion to the tk-state, while the other copy is left intact. This indicates that of the two closely juxtaposed tk genes (which are separated by just 6 kb), only one may be normally expressed in LC2-3. How such local control may be exerted in the heterochromatin remains unknown. Given the results of our methylation studies, we suggest that perhaps the flanking DNA sequences may exert repression by dictating local changes in the pattern of DNA methylation. We note that in contrast to our results, Roginski et al. (45) reported that the loss of expression and subsequent reactivation of a transfected tk gene was always accompanied by a parallel loss of expression or reactivation of two cotransfected human globin genes (spanning a distance of 15 to 20 kb). These differing observations probably arise as a result of differences in the site of DNA insertion in this latter study as compared to the heterochromatic site of tk integration in our LC2-3 cell line.
In the future, the LC2-3-derived tk-revertant cell lines can be used to identify and characterize the pericentromeric DNA sequences involved in exerting repression of tk gene expression. If such sequences are in close proximity to the tk genes, they can be cloned and functionally assayed in DNA transfection experiments. In addition, genomic DNA sequencing (10) of revertant and rerevertant derivatives could be carried out to identify the methylated residues that are required for maintaining tk repression. Finally, experiments involving the use of nucleases could be used to characterize the changes in chromatin structure in association with switches in tk phenotype. These studies and others currently in progress should provide valuable insights into the possible molecular mechanisms underlying the modulation of gene expression within heterochromatin.
